Whey wastewater is a by-product of cheese industry, which causes environmental pollution problems due to its containment of heavy organic pollutants. Conventional methods such as biological treatment and physico-chemical treatment are insufficient or ineffective. In this paper, the treatment of cheese whey wastewater has been carried out by supercritical water oxidation, 
INTRODUCTION
Whey wastewater is a by-product of cheese industry, which represents 85-95% of milk volume and contains approximately 55% of milk nutrients (Farizoglu et al. 2007; Kotoupas et al. 2007) . These valuable nutrients are mainly lactose, minerals (such as calcium, magnesium and phosphorus), vitamins, proteins and traces of milk fat. Depending on the amount of water used in the production process, approximately 9 to 10 litres of whey is generated for each kilogram of pressed cheese produced (Bonnet et al. 1999) . The annual whey wastewater production is estimated to be 145 Â 10 6 tons worldwide, which is generally dried and used as a feedstock for animal feeding or subjected to protein and lactose recovery at large milk processing plants (Frigon et al. 2009 ). However, mainly due to the high investment costs of the aforementioned processes, the majority of the produced whey is discharged into rivers, lakes or other receiving environments. This situation causes a significant loss of resources and environmental pollution problems, as whey wastewater contains heavy organic pollutants with high biological and chemical oxygen demands (BOD and COD) . The average BOD and COD values of whey wastewater are 40-60 and 50-80 g L À1 , respectively (Gü ven et al. 2008) . The direct spreading of whey on agricultural soils may affect the chemical and physical properties of the soil, detrimentally change the soil fertility, decrease the crop yields and cause serious groundwater pollution matters. Its discharge to the surface waters is a serious threat to the aquatic life, stimulating microbial respiration and lowering oxygen concentration, due to the consumption of the organic load by microorganisms present in the environment (Cristiani-Urbina et al. 2000; Khider et al. 2004) . Thus, being a threat to human and animal health, the treatment of whey wastewater is essential before its discharge to the environment.
Many laboratory and pilot-scale treatment methods have been employed for whey wastewater, but the majority of these methods dealt with de-proteinated or diluted whey, which is (Gannoun et al. 2008) . Supercritical water oxidation (SCWO), which is performed above the critical conditions of water (374.81C and 22.13 MPa), is a promising method which can rapidly and efficiently destroy organic substances into H 2 O and CO 2 with high conversion rates at 500 to 6501C in significantly shorter residence times (Mizuno et al. 2000 ; Sö gü t & Akgü n 2007; Veriansyah & Kim 2007; Erkonak et al. 2008) . In previous studies, it was observed that system temperature has an important role in supercritical water oxidation reactions (Sö gü t & Akgü n 2007; Erkonak et al. 2008) . In this work, the treatment of whey wastewater is performed by SCWO in a tube reactor. We report experimental oxidation results of whey wastewater, including the reaction kinetics based on total organic carbon (TOC) removal. Hydrothermal decomposition can occur during pre-heating and oxidation at high temperatures. Therefore, the reaction kinetics was investigated including both hydrothermal decomposition and oxidation of whey wastewater.
MATERIALS AND METHODS

Materials
Hydrogen peroxide solution was prepared by diluting a 30% (w/w) solution of H 2 O 2 (J. T. Baker) with deionised water to desired concentrations. The whey wastewater was obtained through home-made cheese production from milk, and used in our experiments after a rough filtering and diluting with deionised water at a ratio of 1/10. Table 1 shows the chemical characteristics of raw cheese whey.
Apparatus and Procedure
The SCWO experiments were performed in a coiled tubular reactor system, which is placed into a PID controlled split furnace, as shown in Figure 1 . The experimental apparatus consists of a coiled tubular reactor (137 cm length Â 3.05 mm i.d.), the wastewater pre-heating line (50 cm Â 3.05 mm i.d.) and the oxidant pre-heating line (100 cm Â 3.05 mm i.d.), which are placed into a PID controlled split furnace (Protherm, model SPT 11/70/750) . From the feeding pumps to the gas-liquid separator, all wetted parts of the system, such as tubing, fittings etc., were made of 316 SS. The wastewater and oxidant are pumped into the furnace through separate pipelines using two high pressure pumps (Autoclave Engineers, Series III pump). After passing the pre-heating zones, both streams mix in a mixing tee and continue into the reactor. Before reaching the mixing tee, H 2 O 2 decomposes to oxygen and water completely as verified in previous works (Croiset et al. 1997; Phenix et al. 2002) . After exiting the furnace, the effluent is cooled rapidly by passing through a heat exchanger, and the reaction stops immediately. The possible solid particles in the effluent, which would be formed, are removed with a 0.5 mm inline filter before the stream is depressurised by a back-pressure regulator (BPR) (GO Regulator Inc.). The system pressure is maintained at 2570.1 MPa by the BPR. Then the product stream is separated into liquid and vapour phases under ambient 
Conductivity (mV) 163 conditions and liquid products are collected in a graduated cylinder.
Analytical Methods
The concentrations of the wastewater and liquid phase reactor effluents were characterised in terms of total organic carbon concentration (TOC). TOC analyses were performed using a total organic carbon-total nitrogen analyser (HACH-LANGE IL550 TOC-TN). Physicochemical properties of the wastewater such as COD, total solids and ash in Table 2 were determined according to Standard methods (Eaton et al. 2005) . 
RESULTS AND DISCUSSION
Hydrothermal decomposition of whey wastewater in supercritical water
The reaction temperature has an important role in supercritical water oxidation of whey wastewater containing organic compounds. While some organic compounds in the wastewater are transformed into intermediates by the hydrothermal decomposition in the pre-heating section and the reactor, some organic compounds and intermediates are directly destroyed into the final oxidation products in the reactor. Therefore, six hydrothermal decomposition experiments have been conducted in the absence of the oxidant. The aim of these runs was to understand how the reaction rate is affected by the changes in temperature in the range of 400-6501C. It is shown that TOC conversions increase from 0.164 to 0.897 with increasing system temperature in Figure 2 . These results show that hydrothermal decomposition efficiency is highly dependent on system temperature. During the hydrothermal decomposition, the organic molecules in the wastewater are converted into smaller intermediate products (such as H 2 , CO, CH 4 , C 2 H 4 , C 2 H 6 , C 3 H 6 and C 3 H 8 ) and final products (such as CO 2 , N 2 and H 2 O), which leave the system in gas phase. These intermediate products in the gas phase effluent at 450, 550 and 6501C are given comparatively in Table 2 . While mol % of Table 2 . This situation shows that some of the water in supercritical conditions dissociates to H þ and OH À ions, and reacts with the organics in the wastewater. A possible mechanism for the reaction can be written as below:
Oxidation of whey wastewater in supercritical water
Results and conditions of the oxidation experiments which were performed using H 2 O 2 are given in Table 3 . The TOC and COD contents of the cheese whey used in the experiments were measured as 5.6 and 10.2 g L À1 , respectively, after the original cheese whey was diluted with deionised water to a ratio of 1/10. Croiset et al. (1997) at 4401C for residence time of 1 second. In the oxidant preheater section of the system in this work, residence time varies from 9.6 to 30.0 seconds in the experimental conditions (between 400 and 6501C at 25 MPa). Therefore, based on the literature, it was assumed that H 2 O 2 decomposes completely in the experimental conditions. Degradation of organic matter using SCWO strongly depends on the reaction temperature (Erkonak et al. 2008 ; Sö gü t & Akgü n 2009). This situation is shown in Figure 2 . Although the TOC conversion in the effluent is very high even at the lowest temperature, the dependence of TOC conversion on increasing temperature is still obvious. As shown in Figure 2 , the presence of excess oxygen in the reaction medium also increases the treatment efficiency remarkably, compared with hydrothermal decomposition reactions under similar temperatures. The gas phase product compositions and their change with increasing the system temperature from 450 to 6501C with and without the presence of oxygen are given comparatively in Table 2 . Carbon monoxide forms during the hydrothermal and oxidation reaction at lower temperatures, but not at higher temperatures. However, amount of CO increases with oxygen in the reaction medium. On the other hand, hydrogen is also produced during the oxidation reaction.
From the chromatographic analysis, a small amount of nitrogen is observed in the gaseous product effluent. This nitrogen may be due to the presence of organic molecules such as proteins in cheese whey wastewater. The change in all components with temperature in the gaseous phase effluent during the oxidation reaction is given comparatively in Table 2 . Although the reactions may occur independently in the system, a possible mechanism for the oxidation reaction can be written in addition to Equations (1) to (4):
The treatment efficiency increases remarkably in the presence of oxygen, when compared with the hydrothermal decomposition reactions (Figure 2 ). On the other hand, TOC conversions increase with increasing oxygen concentrations in the reaction medium at 5001C and 25 MPa. Figure 3 represents the dependency of TOC conversion on oxygen concentration, compared with the results obtained using the reaction rate expression given in Equation (18). Figure 4 shows the progress in TOC removal at SCWO reactions with increasing residence times at the temperature of b TOC and O 2 were calculated from the feedstock concentrations and flow rates of the feed streams at the process condition.
5001C. As expected, the decomposition of all organic components in the whey goes to completion into final products with increasing reaction time.
To understand the effect of system pressure on the treatment efficiency, some experiments are carried out in the pressure range of 100-300 bar at 4501C. As shown in Figure 5 , the treatment efficiency or the TOC conversion increases with decreasing system pressure. This situation can be explained due to the fact that the reaction rate constant is a function of pressure, using the concept of volume of activation, that is, the excess of partial volume of the transition state over partial volume of the initial species. The expression is:
where k is the reaction rate constant, DV z is the volume of activation which varies with pressure and temperature, n is the sum of the reactants' stoichiometric coefficients, k T is the solvent isothermal compressibility. However, the regulation of the system pressure for high conversions should not be performed at high temperatures, because when the pressure is decreased solids are formed as a result of carbonisation due to decreasing fluid density in the system, and cause system cloggages with time.
Overall reaction kinetics for supercritical water oxidation
The degradation of organics under supercritical water conditions occurs in two simultaneous ways, hydrothermal and oxidative reactions, which can be mathematically combined as follows (Erkonak et al. 2008 ; Sö gü t & Akgü n 2010): 
where k 0 is the pre-exponential factor and E a is the activation energy. The hydrothermal reaction of the whey shows that water has an important role on the decomposition of organics in its supercritical conditions. Water behaves as a reactant, and reacts with organics through a multi-step reaction mechanism. However, even though it is possible to think that water behaves as a reactant, the water content in the reaction medium is typically higher than 90%, which means that water can be considered as the reaction medium itself. Hence, the reaction order terms b and f in Equation (10) can be taken as zero, and the effect of changes in H 2 O concentration is omitted. The hydrothermal decomposition in supercritical water can be expressed with first-order reaction kinetics (Sato et al. 2003; Chen et al. 2003) . The global reaction rate expression becomes the following with the total organic carbon (TOC) as the reagent:
The reactor residence time can be expressed at supercritical conditions as below:
where V Reactor is the reactor volume, r SC (P,T ) and r L are the fluid densities in g mL À1 under reaction conditions and at feed pump conditions, respectively. F T is the combined volumetric flow rate in mL s À1 of both the wastewater and the oxidant streams. The reaction media at every experimental run consisted of dilute mixtures of organic wastes and oxygen in water and no density data were available for waterwaste-water-oxygen mixtures under the reaction conditions; the fluid mixture densities in the feed and inside the reactor were assumed to be those of pure water and the water steam, respectively (Wagner & Prub 2002) . Hence, the initial TOC concentrations at the reactor entrance under supercritical conditions are calculated from the measured feed stock concentrations and flow rates of the feed streams:
where [TOC] and C TOC are the initial and feed stock reactant concentrations in mmol L À1 and mg L À1 , respectively. F WW is the wastewater feed flow rate to the reactor in mL s À1 . The initial oxidant concentration is calculated by the following equation: (15) is divided by two. TOC conversion term X, is defined as follows:
where [TOC] 0 and [TOC] f represent the initial and residual TOC concentrations at the beginning and the end of the degradation, respectively. Since H 2 O 2 as oxidant was not used in the hydrothermal decomposition of the whey, there was no oxygen in the reaction medium. Therefore, the second part of Equation (12) can be omitted, and the regression analysis of the hydrothermal decomposition data using the software Statistica 7.0 gives a first-order reaction rate expression, which is given below:
The pre-exponential factor and activation energy values are predicted as 107.72 (74.1) s À1 and 50.022 (71.7) kJ mol À1 , respectively (R ¼ 0.9919).
While some organic compounds in the wastewater are transformed into intermediates and the final oxidation products by the hydrothermal decomposition in the pre-heating section and the reactor, some organic compounds and intermediates are directly destroyed into the final oxidation products in the reactor. Therefore, it should be considered that the global reaction kinetics includes both the hydrothermal decomposition and the oxidation kinetics. Putting the predicted hydrothermal decomposition rate expression (Eqn. (17)) into the global rate expression (Eqn. (12)) and re-regressing by taking all the data points into consideration, the best-fit global rate expression for the oxidation of the wastewater, based on TOC removal in supercritical water, was obtained as: 
As a result of the regression analysis, the SCWO reaction orders in terms of TOC and oxygen concentrations have been found as 1.2 (70.4) and 0.4 (70.1) by minimising the sum of the squared differences of the experimental and the predicted conversions for all data points, respectively. The Arrhenius parameters of the oxidation reaction, the pre-exponential factor, k 0,Ox , and the reaction activation energy, E a,Ox, were predicted as 1.86 (70.5) mmol À0.6 L 0.6 s À1 and 20.337 (70.9) kJ kmol À1 , respectively. Figure 6 shows a combined comparison between experimental and model results in terms of TOC conversions, and model results are satisfactory compared with experimental results (R ¼ 0.9185).
CONCLUSION
The treatment of cheese whey based on oxidative and hydrothermal decomposition was investigated by using a continuous flow reactor in supercritical water. The results demonstrated that the SCWO process decreased the TOC content up to 99.81% in residence times between 6 and 21 s at various reaction conditions. The treatment efficiency increases remarkably with increasing temperature and the presence of excess oxygen in the reaction medium. Even though main gaseous products consisted of CO 2 and CH 4 , gaseous products such as C 2 H 6 , C 3 H 8 , C 3 H 6 , CO, H 2 and N 2 exist in the gas phase effluent and quantities of them are negligible. The liquid phase is also clear and colourless. Therefore, SCWO process seems to be an effective treatment technology for cheese whey wastewater. The method may be feasible to reduce the contaminant load of the cheese whey wastewater as long as the energy is recovered or the energy consumption is decreased. 
